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ABSTRACT  
ALLYSON REBECA HENKE: An Analysis of Commercial Oxidative Hairy Dyes 
Using Raman Spectroscopy  
(Under the direction of Dr. Nathan Hammer)  
 Here, we aim to further the potential use of surface-enhanced Raman spectroscopy 
(SERS) in analyzing hair dyes for use in forensic investigations. Current methods include 
light microscopy and thin-layer chromatography (TLC). However, these techniques can 
be destructive to the hair samples, do not have high discriminatory power, and have had 
problems with giving inconclusive results. Raman spectroscopy, on the other hand, is a 
fast, simple technique with a high discriminatory power. Previous work has shown that 
SERS can be used for in-situ analyses that is not destructive to the sample. This previous 
work also demonstrated that SERS could definitively differentiate between semi-
permanent and permanent dyes and dyes of the same color and permanency but different 
brand. In this study, we chose to examine 10 different color couplers that are common 
precursors in the production of permanent hair dyes. These couplers were then divided 
into four different groups based on the color dye they are used in. Both experimental SERS 
and theoretical Raman spectra were collected for 3-aminophenol and 5-amino-o-cresol. 
These results showed that 1) silver surfaces are better than gold for these type of 
molecules, 2) SERS is acting mainly as a fluorescence quencher with these molecules, 
thus, 3) the computational B3LYP/6-311G method and basis set are a good model for 
these molecules. With this in mind, theoretical Raman spectra were created for each of the 
color couplers and were compared with the others of the same group. Majority of the color 
couplers showed excellent differentiation and could be distinguished from the other 
molecule(s) in the group. The only problems arose with the amino-o-cresols in the pink-
red category where their spectra were nearly the exact same. Overall, though, this study 
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showed that using the known spectrum of each of these precursor molecules can assist 
forensic analysts in determining which color coupler was used in the hair dye on the 
sample. 
 
  
vi 
 
TABLE OF CONTENTS  
   
ACKNOWLEDGMENTS.................................................................................................. iii 
ABSTRACT ....................................................................................................................... iv 
LIST OF FIGURES.......................................................................................................... viii 
1. CURRENT HAIR ANALYSES ......................................................................................1 
 1.1 INTRODUCTION .............................................................................................1 
 1.2 COLLECTION AND TRANSPORTATION OF HAIR EVIDENCE ..............1 
 1.3 HAIR AS EVIDENCE ......................................................................................2 
 1.4 ANALYSES FOR COSMETIC TREATMENTS .............................................4 
 1.4.1 LIGHT MICROSCOPY .....................................................................4 
 1.4.2 DYE EXTRACTION AND THIN LAYER CHROMATOGRAPHY 
(TLC) ...........................................................................................................6 
 1.4.3 DISADVANTAGES OF CURRENT TECHNIQUES .......................8 
2. RAMAN SPECTROSCOPY .........................................................................................10 
 2.1 PRINCIPLE OF RAMAN SPECTROSCOPY ................................................10  
 2.2 SURFACE-ENHANCED RAMAN SPECTROSCOPY (SERS) ...................14 
 2.3 ADVANTAGES OF RAMAN FOR HAIR ANALYSIS ................................16 
3. PRIOR WORK AND EXPERIMENTAL OUTLINE ...................................................17 
 3.1 PREVIOUS STUDY .......................................................................................17 
 3.1.1 RESULTS AND CONCLUSIONS ..................................................17 
 3.2 EXPERIMENTAL OUTLINE ........................................................................19 
 3.2.1 CHEMISTRY OF HAIR DYES .......................................................19 
 3.2.2 Computational Details ......................................................................21 
vii 
 
4. RESULTS ......................................................................................................................23 
 4.1 GOLD VS SILVER SLIDES ..........................................................................23 
 4.2 EXPERIMENTAL SPECTRA ........................................................................25 
 4.3 EXPERIMENTAL VS COMPUTATIONAL RESULTS ...............................26 
 4.4 FURTHER COMPUTATIONAL RESULTS .................................................28 
 4.4.1 BROWN MOLECULES ..................................................................29 
 4.4.2 GREEN MOLECULES ....................................................................31 
 4.4.3 PINK-RED MOLECULES ...............................................................33 
 4.4.4 PURPLE-BLUE MOLECULES .......................................................35 
5. CONCLUSIONS ............................................................................................................37 
LIST OF REFERENCES ...................................................................................................39 
 
  
  
  
  
  
  
  
  
  
  
  
viii 
 
List of Figures 
 
Figure 1.1: Growth Stages of Hair .......................................................................................4 
Figure 1.2: Dyed Hair Under Light Microscope ..................................................................6 
Figure 1.3: Example TLC Diagram .....................................................................................7 
Figure 2.1: Rayleigh, Stokes, and Anti-Stokes Scattering .................................................11 
Figure 2.2: Vibration Types ...............................................................................................12 
Figure 2.3: Raman Spectrometer Used in This Study ........................................................14 
Figure 2.4: SERS Diagram .................................................................................................15 
Figure 2.5 Vapor Deposition Chamber ..............................................................................16 
Figure 3.1: SERS Results of Previous Work .....................................................................18 
Figure 3.2: Molecules Being Studied .................................................................................20 
Figure 3.3: Azo Coupling Reaction ...................................................................................21 
Figure 4.1 Experimental Ag vs Au SERS Spectra of 3-aminophenol ...............................24 
Figure 4.2 Experimental Ag vs Au SERS Spectra of 5-amino-o-cresol ............................24 
Figure 4.3: Experimental Raman Spectrum for 3-aminophenol ........................................25 
Figure 4.4: Experimental Raman Spectrum for 5-amino-o-cresol .....................................26 
Figure 4.5: Comparison of Experimental SERS and Theoretical Raman Spectra for  
3-aminophenol ....................................................................................................................27 
Figure 4.6: Comparison of Experimental SERS and Theoretical Raman Spectra for  
5-amino-o-cresol ................................................................................................................28 
Figure 4.7: Theoretical Raman Spectra for m-diethylaminophenol and  
p-phenylenediamine ...........................................................................................................30 
Figure 4.8: Theoretical Raman Spectra for Resorcinol and 4-methoxy-3-aminophenol ...32 
ix 
 
Figure 4.9: Theoretical Raman Spectra of p-amino-o-cresol, 5-amino-o-cresol, and  
3-aminophenol ....................................................................................................................34 
Figure 4.10: Theoretical Raman Spectra of 2,4-diaminophenoxyethanol, 1,5-
dihydroxynaphthalene, and 2,4-diaminoanisole ................................................................36 
1 
 
Chapter 1. Current Hair Analyses 
 
1.1 Introduction 
 Due to wildly popular shows such as NCIS, Bones, and Numb3rs, there has been an 
increased interest in and knowledge of forensic investigations across the nation. As most 
people are aware, after a crime is committed and reported, an investigation is started. From 
the forensic science aspect, this generally involves either police officers at the scene or a 
special field investigation team examining the crime scene and gathering evidence. Such 
physical evidence can range from firearms to tool marks to blood to hair; the list is almost 
endless. For this evidence to be of use in a case, it must be collected in a manner that will 
preserve it and prevent contamination.1,2,3 
 
1.2 Collection and Transportation of Hair Evidence 
 Once properly documented and recorded, the evidence is ready for collection and 
transportation. With hair, it is trace evidence so collection usually occurs with the aid of 
tweezers, taping, or vacuuming. At this time, gloves must be worn and the equipment being 
used must be sanitized prior to its use. This is essential because it helps to reduce the risk 
of contamination. In addition to this trace evidence, known reference samples from the 
suspect and victim should also be collected for comparison purposes.1,3
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 Following proper collection of the hair samples, they must be properly packaged. 
With trace evidence like hair, there are a multitude of packaging methods that work. One 
of the most common methods is using an unbreakable, plastic pill bottle with a pressure 
lid. Other common procedures include the use of manila envelopes, screw-cap glass vials, 
or cardboard pillboxes. In the absence of one of these, the hair sample can be packed by 
folding it in paper using a “druggist fold.” Once properly packaged, this evidence will be 
submitted to the proper laboratory either by mail or by a personal delivery. Usually the 
laboratories want this evidence to be accompanied with an evidence submission sheet. With 
the information on this sheet, the analysts will then determine the type of testing that needs 
to be performed and will go about doing that. An important note on all of this, though, is 
that during this entire process the chain of custody must be maintained. The chain is a list 
of anyone and everyone who was in possession of a given piece of evidence. This allows 
for investigators to know who handled the evidence and where it was at all time, helping 
to prevent any tampering of evidence. Thus, it is also key that if the sample be altered in 
any way, it is recorded and the reason for the alteration explained.1   
 
1.3 Hair as Evidence 
 As a piece of evidence, hair is quite versatile in what new information it can provide 
to analysts. A large part of this is due to the fact that in comparison to other evidence 
sources, hair is extremely durable. It is stable in most conditions and does not break down 
easily. This means that even after a long period of time or varying environmental 
conditions, it is highly likely that the hair sample is still intact and a valuable source of 
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evidence. Given its durability and common presence, there are a multitude of ways that a 
hair sample can be examined in the laboratory.1,2  
 The most common examinations usually include testing for DNA and for the 
presence of drugs. However, these types of testing are not always applicable. Drug testing 
usually only occurs in very specific situations where drug use is suspected. Also, testing of 
the hair most commonly occurs where the hair samples are carefully collected from the 
individual suspected of drug abuse. Thus, it is not very common for hair samples at crime 
scenes to be subjected to this type of testing. 2,3 
 DNA testing, on the other hand, is very important and occurs quite regularly on hair 
samples. Unfortunately, it can only be performed on specific hair samples, though. This is 
due to the four different stages of hair growth (as outlined in Figure 2.1): anagen, catagen, 
telogen, and early anagen. It is only in the first stage, anagen, that the bulb of the root 
remains intact. The bulb is what contains the majority of the DNA and what is tested. 
Hence, the hair must be in the anagen state of growth for there to be a viable amount of 
DNA to allow for testing. Unfortunately, the telogen/early anagen stages are where the hair 
falls out naturally (as seen by Figure 1.1 below) and are the stages that contribute to most 
of the hair samples found at crimes scenes. Thus, only a small portion of hair samples from 
crime scenes can be utilized for DNA analysis.2,4 
 Consequently, other types of analyses of hair are of interest to analysts, which is 
where cosmetic treatment studies into play. 
4 
 
 
Figure 1.1: Growth Stages of Hair 
Source: “Human Hair Growth Cycles - Hair Loss Info - ForHair.” The Forhair Clinic, 4 
Apr. 2018, www.forhair.com/hair-growth-cycles/. 
 
   
1.4 Analyses for Cosmetic Treatments 
 There are three leading techniques in the current analyses of hair for cosmetic 
treatment: 
1. Examination via light microscopy 
2. Extraction of the dye followed by thin layer chromatography 
3. Alkali degradation of the dye followed by a GC-MS analysis 
Each of these techniques are unique, with their own advantages and disadvantages, and 
provide different information on the sample. The first two techniques are used most often, 
with the third only rarely being documented as the mode analysis. Thus, only techniques 
(1) and (2) will be further explained in the subsequent subsections.5-7 
 
1.4.1 Light Microscopy 
 This first technique requires the use of a light microscope so that the analyst can 
collect a high resolution, close-up image of the hair sample in question. For this technique, 
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as with DNA testing, it is generally required that the hair be in the anagen/growing state as 
it is the best representation of the current profile of a person’s hair. Given that it is in this 
state, there are a couple common, significant signs that the sample has undergone some 
sort of cosmetic treatment like hair dying and bleaching. An example image of what a 
couple hair samples look like under a light microscope can be seen in Figure 1.2.6 
 For the examination of these signs, an analyst will normally focus the microscope 
on the root end of the hair rather than the middle section as shown in Figure 1.2. If there 
has been some sort of the alteration to the color of the hair, the analyst will look for a small 
segment of hair extending from the root to the part of the hair that was at the scalp line at 
the time the cosmetic treatment was administered. This segment will be the natural hair 
color while the rest of the hair strand will look like the dyed color. Additionally, if multiple 
cosmetic treatments have been applied over a period of time, this will be reflected in the 
microscopic image. There will be relatively clear sections within the strand that differ 
slightly in color that will be correspond to the timing of each cosmetic treatment. Because 
of this, the length of the various segments within the hair sample from the crime scene can 
be compared with segments on known samples from the victim and potential suspects. 
However, this requires that the samples be taken close to time of the crime. If the samples 
are taken more than a few weeks later the top segment (root to first sign of cosmetic 
treatment) will be longer than the length of the evidence since it has had the time to grow 
out. This time also gives the perpetrator to dye their hair another color, completely 
changing the segmentation profile of their hair.6, 8 
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Figure 1.2: Dyed Hair Under Light Microscope 
Source: Deedrick, Douglas W., and Sandra L. Koch. “Microscopy of Hair Part 1: A 
Practical Guide and Manual for Human Hairs.” Forensic Science Communications , vol. 
6, no. 1, Jan. 2004 
 
1.4.2 Dye Extraction and Thin Layer Chromatography (TLC) 
 This second method is quite different than the first and does not actually involve 
direct analysis of the hair itself. Instead, analysts take the hair sample and extract the dye 
from it. The extraction is usually performed by applying a combination of solvents (usually 
polar) that pull the dye out from the cortex of the hair. The exact procedure for this and the 
solvents used are going to depend on the protocol for each individual lab, though.9 This 
extracted dye sample is then run through a thin-layer chromatography set-up similar to the 
one in Figure 1.3 where each sample is placed at a specific location on the chromatography 
paper. The paper is then dipped into an eluent and left to allow for the eluent to travel up 
the paper a certain distance, carrying the dye sample with it. The eluent will vary depending 
on the dyes being studied, but some common eluents include methanol, ethyl acetate, 
ammonia water, dichloromethane, and diethyl ether. Generally, these are used in a 
combination (such as acetone/chloroform/toluene (35 : 25 : 40 v/v/v)) and the decision of 
which combination of these developing solvents will will vary from lab to lab.10 As the 
eluent travels up the column, the components most similar to the eluent travel the furthest, 
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i.e. if dealing with a polar solvent, the more polar the component is, the further up the 
column it will travel. 11-13 
 
 
Figure 1.3: Example TLC Diagram 
  
 The result of this is a separation of the various components of the dye into different 
spots at different distances from the initial location which acts as a profile of the dye itself. 
This allows for side-by-side comparison of several samples and visual confirmation of 
whether or not two samples match. If the different components match up, then the two dye 
samples are made of the same chemicals. If the components do not match up, though, the 
dye samples are not composed of the same material and are not thought to be the same dye. 
Thus, TLC is generally considered a better technique than light microscopy because it 
confirms that not only do the suspect hair and crime scene match visually, but they match 
chemically as well. Overall, TLC is a preferred method of analysis since it is inexpensive, 
relatively simple, fast, and allows for side-by-side comparisons.6, 11, 14 
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1.4.3 Disadvantages of Current Techniques 
 While the current methods do have some advantages and have been shown to be 
adequate methods, there are some prevalent problems with each of them. One of the most 
pressing problems with the light microscopy technique is time. As stated, the known 
samples must be collected very close to the time of the crime. This is not always possible 
as cases can go “cold” or the suspect won’t be apprehended until much later. Thus, this 
technique is only a viable option in a fraction of cases. Also, this analysis is not concrete 
and can be subjective at times, meaning that other analyses must be used in tandem with 
this for it to make a large impact in a case or be presentable in court.1,3  
 With the TLC method, there are several disadvantages as well. The most key 
disadvantage is that it is extremely destructive to the sample, via the process of dye 
collection. Other destructive techniques are common in forensic analysis, but it is usually 
more beneficial to have non-destructive techniques that allow for multiple tests to be run, 
even years down the line with proper sample storage. There have also been numerous 
citations of the spots streaking after development. This streaking often renders analysis 
either extremely difficult or impossible. Thus, not only was the sample destroyed but the 
testing didn’t result in any viable information. Also, according to SWGDRUG (Scientific 
Working Group for Analysis of Seized Drugs) recommendations on analytical methods, 
TLC is only a Category B method. This means that is has medium discriminatory power 
and, in the case of drug analysis, has to be used in tandem with two other Category B 
methods.  
Due these problems, it is advantageous to push towards the analysis of hair samples 
using a different technique. One study in the past has focused on using uv-visible 
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microspectrophotemetry to discriminate between the hair dyes. This study analyzed hair 
samples that had been treated with a plethora of red hair dyes using the 200 -700 nm range. 
The dye peak was found in the 425-550 nm region and was able to help differentiate 
between the different hues and different dyes used.15 Another potential technique that does 
not face these issues is Raman spectroscopy, which is the focus of this study and will be 
discussed more in depth in the following sections. 1-3,5, 12 
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Chapter 2. Raman Spectroscopy 
 
2.1 Principles of Raman Spectroscopy 
 Raman spectroscopy is a powerful spectroscopic method that allows for 
investigation into the vibrational modes of a molecule of interest. It is often considered a 
sister method to IR spectroscopy given that the overlapping similarities between the two 
methods. However, the theory behind Raman and the resulting spectra are quite different 
than that of IR.12, 13, 16-18 
 When deciding to use Raman spectroscopy, one of the key points is to make sure 
that the molecule being examined is Raman active. The requirement for this is that the 
molecule must have a change in polarizability (as opposed to a change in dipole moment 
that is required by IR). What this means, essentially, is that the electron cloud around the 
vibrating atoms needs to be distorted in some manner. This distortion changes as the bond 
length changes. As a result, the polarizability is able to be changed as the atoms vibrate. 
Thus, some of the vibrations that cannot be seen with IR can be seen with Raman and vice 
versa, which is part of what makes these complementary techniques.12,16,17  
 A very important factor that distinguishes Raman spectroscopy from the other 
spectroscopic techniques is the fact that it is based off of light scattering, not emission or 
absorption. Three different types of scattering are possible when light is passed through a 
sample: Rayleigh, anti-Stokes, and Stokes. During scattering, the molecule starts off at a
11 
 
 specific vibrational level within the ground electronic state. After a collision between the 
molecule and a photon of light, it is then excited to some virtual state between this and the 
first excited electronic state. Following this, it relaxes back down from the virtual state to 
a vibrational energy level. Figure 2.1 shows a diagram of the three types of scattering.12,16,17 
 
 
Figure 2.1: Rayleigh, Stokes, and Anti-Stokes Scattering 
 With Rayleigh scattering, the molecule goes back down to the same vibrational 
level that it started at. This is due to an elastic collision between the molecule and photon, 
meaning that there is no loss of energy during this type of scattering. Stokes and anti-
Stokes scattering, on the other hand both involve inelastic collisions and exhibit a change 
in vibrational level of the molecule. Stokes scattering occurs when the molecule comes 
back to a higher vibrational level than it started with and, consequently, the photon loses 
some energy to the molecule during the collision. Anti-Stokes occurs when the molecule 
starts at an excited vibrational level and comes back to a lower vibrational level. In this 
case, the photon of light gains energy during the collision.12,16,17  
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 Between the three types of scattering, Rayleigh is not generally seen in a Raman 
spectrum since the photon does not gain or lose energy. Stokes and anti-Stokes scattering 
can be seen in the spectrum, though, and these two are generally referred to as Raman 
scattering. Anti-Stokes scattering occurs less commonly, however, since it requires the 
molecule to start in an excited vibrational state. Consequently, anti-Stokes is not 
utilized/seen very often in Raman spectra taken under ambient conditions. Thus, most of 
the peaks seen in Raman spectra are caused by the Stokes scattering of molecule being 
studied. These particular peaks from the Stokes scattering results in a characteristic Raman 
spectrum that acts as a “fingerprint” for the molecule and can allow for the identification 
of unknown samples.17  
 Each of these peaks are formed from a specific type of vibration in the molecule. 
Figure 2.2 shows the different types of vibrations that can occur.  
 
 
Figure 2.2: Vibration Types 
Generally speaking, there are two main types of vibrations: stretching and bending. In 
stretching, it is the bond length that is changing and this change can either be symmetric 
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and asymmetric. It is the bond angle that changes in bending which can produce either a 
wagging, twisting, rocking, or scissoring motion. Of these options, symmetric stretching 
is the most common in Raman spectroscopy. This is due to the fact that it contributes the 
most to a change in polarizability which is what makes the molecule Raman active. 
Asymmetric stretching is not very common because this motion tends to cancel the changes 
in polarizability occurring, leading to no net change in polarizability of the molecule as a 
whole. All four of the bending vibrations are also not very common in Raman 
spectroscopy. Consequently, the majority of the scattering events in Raman spectroscopy 
occur due to a symmetric stretch of a couple of the bonds within the molecule being 
studied. 16-19 
 As with other spectroscopic methods, a light source is necessary for these vibrations 
and scattering events to occur. With Raman spectroscopy, though, the shifts seen in the 
spectra should not change based off of the wavelength of the light source. Thus, there are 
a variety of different light sources available for use. The main requirement is that the light 
source must be monochromatic.  Because of this, lasers are very common and desirable 
sources as they are an intense, monochromatic light source. Many labs use blue or green 
lasers since they generally give high intensities of Raman scattering. However, this 
wavelength of laser has been cited to cause decomposition of the sample or fluorescence 
of the molecule. This is because these shorter wavelengths are closer to the ultraviolet and 
visible region of the electromagnetic spectrum where more electronic transitions occur. In 
these situations, lasers with a longer wavelength, such as a red or infrared laser, are 
preferred. In general, instruments where multiple lasers can be used are favored so that 
14 
 
multiple spectra can be taken.12, 17 The Raman spectrometer used in this study allows for 
the use of three different lasers and can be seen in Figure 2.3. 
 
 
Figure 2.3: Raman Spectrometer Used in This Study 
 
2.2 Surface-Enhanced Raman Spectroscopy (SERS) 
 In some situations, standard Raman spectroscopy does not result in a usable 
spectrum. This is especially true for molecules that have the potential to fluoresce. To 
accommodate for this, surface-enhanced Raman spectroscopy (SERS) can be utilized. With 
SERS, a rough metal surface or a colloidal solution of either gold, silver, or copper is used 
on the slide and the molecule is placed on top of the SERS substrate, as seen in Figure 
2.4.12, 17,20-23 
 
15 
 
 
Figure 2.4: SERS Diagram 
Many labs either use a vapor deposition chamber like the one in Figure 2.5 or synthesize 
their own nanoparticle to coat their slides. This metal surface then both helps to quench 
fluorescence and to enhance signals that may be difficult to discern with regular Raman. 
 In the past there have been two competing theories behind the enhancement seen 
with surface-enhanced Raman spectroscopy: chemical enhancement and electromagnetic 
enhancement.  The chemical theory suggests that the molecules under study experience a 
charge transfer between themselves and the metal surface. Theoretically, this could 
contribute to an enhancement factor of around 102. Electromagnetic enhancement, on the 
other hand, involves the surface plasmons of the metal. It is theorized that during the data 
collection the electric field becomes enhanced through the excitation of these localized 
surface plasmons of the metal surface. Then, this electric field enhancements leads to the 
enhancement of the signals in the Raman spectra by a factor of up to 1010 – 1011, 
theoretically. Given that enhancements of up to 1012 have been seen with SERS, it is now 
assumed that it is a combination of these two phenomena.20-23  
16 
 
 
Figure 2.5: Vapor Deposition Chamber 
 
2.3 Advantages of Raman for Hair Analysis 
 Based on these principles, Raman spectroscopy has the potential to be an integral 
part of hair dye analysis. Most importantly, this method is nondestructive to the sample, 
overcoming one of the major problems with previous methods. This technique is also a 
relatively simple method that allows for very rapid analysis, which is key in any 
investigation to help prevent backlogging. Another key feature of Raman spectroscopy is 
that it is considered a Category A method. This means that it has extremely high 
discriminatory power and will give more conclusive results than that of a Category B 
method like TLC. With all these factors taken into account, Raman spectroscopy appears 
to be an exciting method that could prove far superior to those currently in use.3,12,17     
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Chapter 3. Prior Work and Experimental Outline 
 
3.1 Previous Study 
 While a rather new application of SERS in the field of forensic chemistry, this study 
is not the first to be performed on this topic. In fact, my interest in this was sparked by a 
recent study involving SERS and hair dyes conducted at Northwestern University in 
Illinois by Dr. Richard Van Duyne and one of his students, Dmitry Kurouski.11  
 In their study, they had multiple points of interest they wanted to test using in-situ 
detection. First and foremost, they wanted to see if SERS would allow them to even detect 
the hair dyes whilst still on the hair. Then, from there, they wanted to see if there was any 
differentiation between the spectra of permanent and semi-permanent dyes of the same 
color and from the same brand. Additionally, they tested to see if there were any differences 
in the spectra between dyes of the same color and type but made by different brands. The 
main colors that their study focused on were black dyes and blue dyes.11 
 
3.1.1 Results and Conclusions 
 From their results, several different conclusions were able to be drawn. First and 
foremost, they determined that SERS allows for in-situ detection of hair dyes on hair 
samples while regular Raman is unable to do so. This is seen in Figure 3.1 by comparing 
spectra A, C, and E with spectra B, D, and F where the first three correspond to SERS
18 
 
spectra and the latter correspond to regular Raman. Then, through comparison of spectra 
A and C, they found that this technique is capable of differentiating between semi-
permanent and permanent hair dyes of both the same color and same brand. Additionally, 
they were able to determine that SERS analyses could distinguish dyes of the same color 
and permanency but from different brands.11 
 
  
Figure 3.1: SERS Results of Previous Work 
Source: Kurouski, Dmitry, and Richard P. Van Duyne. "In Situ Detection and 
Identification of Hair Dyes Using Surface-Enhanced Raman Spectroscopy 
(SERS)." Analytical Chemistry Anal. Chem. 87.5 (2015): 2901-906. Print. 
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3.2 Experimental Outline 
 Given the success of the previous work, we decided to try to expand upon this 
breakthrough and add to it. However, rather than use the methodology of the previous 
work, we decided to approach it from a different aspect and examine hair dyes on a more 
molecular level. Thus, instead of looking at the hair dye in its entirety, we chose to study 
the precursor molecules within in the dye that contribute to its color.  
 
3.2.1 Chemistry of Hair Dyes 
 The most commonly used dyes are permanent dyes, which are oxidative. Within 
these types of dyes, there are a complex mixture of a variety of different ingredients which 
will vary based on the type of dye. However, there are three types of ingredients found in 
nearly every dye. The first is a primary intermediate. These tend to be either p-diamines or 
p-aminophenols, such as para-phenylenediamine (PPD) or para-aminophenol. The second 
type includes hydrogen peroxide (H2O2) and an alkaline agent such as ammonia (NH3) or 
ethanolamine (C2H7NO). The hydrogen peroxide both lightens the pigments naturally 
found in hair and acts as the oxidizing agent for the primary intermediates. The alkaline 
agent is used to raise the pH so that the hair cuticle expands, allowing for the dye molecules 
and the H2O2 to move into the cortex. The third type of component is a color coupler. Many 
of these molecules are aromatic alcohols, some with amino groups in different positions 
around the ring. These precursors help to give the dye their color and thus, we chose to 
investigate some of the main color couplers. Figure 3.2 shows the name and structure of 
each of the molecules investigated. 
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Figure 3.2: Molecules Being Studied 
 
 Once the dye is applied to the hair, these precursor molecules can react with the 
oxidized primary intermediate (when these intermediates do not couple to themselves) to 
produce other dye molecules. This occurs via an azo coupling reactions, similar to the one 
seen in Figure 3.3. The first step of this, is the oxidation of the primary intermediate (in 
this case para-phenylenediamine) to form a di-immine structure. Two equivalents of this 
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oxidized from then reacts with one equivalent of one of the color couplers (in this case 3-
aminophenol), resulting in the complex dye structure. As a result, at the time of application, 
there are many different components in the hair dye that interact with and move into the 
cortex of the hair.24-26   
 
 
Figure 3.3: Azo Coupling Reaction 
  
3.2.2 Computational Details 
 While studying the precursor molecules shown in Figure 3.2, computational 
methods were employed. For each of the simulated spectra shown later, X-Win32 was used 
to connect to the program GaussView. The structure of each of the molecules were created 
in GaussView and saved as their own input file. The structure was optimized and the 
Raman shifts for each molecule was calculated using a B3LYP/6-311G method and basis 
set. The output file from GaussView then gives all of Raman shifts and the corresponding 
H2O2 
 
(Oxidation) (Oxidation) 
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intensity associated with the molecule. The text of this output file is then put into the 
spectrum simulator program on LabVIEW, which used the Lorentzian lineshape to 
generate the simulated spectrum. The text file created from LabVIEW is then loaded into 
a program called Igor, which is used to plot the simulated spectrum.    
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Chapter 4. Results 
 
4.1 Gold vs Silver Slides 
 The first part of this study focused on the type of metal used for the surface in 
SERS. Previous studies showed varying results on whether gold or silver surfaces led to a 
more noticeable enhancement. To test this, sets of both gold and silvers slides were ordered 
from Ocean Optics. Each of these slides had a 5.5 mm diameter circle of the SERS substrate 
on one end. With these slides, spectral results were collected for both 3-aminophenol and 
5-amino-o-creol for both the gold and silver substrates. For the silver slides, the 532 nm 
laser was used and for the gold slides the 785 nm laser was used, as per the company’s 
suggestion. The resulting spectra for these molecules are shown in Figures 5.1 and 5.2.27 
 Both sets of spectra show a clear trend between the different SERS substrates. In 
each case, the silver substrate yields spectra with more intense and sharp peaks. The silver 
spectra also contain the most noise, however, and we can see a lot of noise in between the 
various peaks. The gold substrate yielded spectra with relatively little noise, but had less 
sharp, less intense peaks. For the purposes of this study, the intensity of the peaks is the 
most pertinent aspect, though. Therefore, the silver slides were concluded to be most 
advantageous and were the slides used throughout the remainder of this experiment. 
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Figure 4.1 Experimental Ag vs Au SERS Spectra of 3-aminophenol 
 
 
Figure 4.2 Experimental Ag vs Au SERS Spectra of 5-amino-o-cresol 
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4.2 Experimental Spectra 
 After the above was collected, more in depth spectra over a larger range were 
collected. Each of these can be seen in Figures 4.3 and 4.4. From these spectra, it is clear 
that SERS can differentiate between 3-aminophenol and 5-amino-o-cresol. From the 1500 
cm-1 range of the 3-aminophenol spectrum and the tail end of the 5-amino-o-cresol 
spectrum, it is clear that there are still slight fluorescing problems of these molecules when 
exposed to the laser for large amounts of time. However, there are still distinct peaks for 
each of these molecules. Further analyses of these spectra and the vibrations leading to 
each of the peaks will be provided in Section 4.4.3 with the other molecule in this color 
grouping 
 
Figure 4.3: Experimental SERS Spectrum for 3-aminophenol 
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Figure 4.4: Experimental SERS Spectrum for 5-amino-o-cresol 
 
4.3 Experimental vs Computational Results 
 The two spectra in Figures 4.3 and 4.4 were then used to compare to computational 
results. For the calculations, the GaussView program with a method and basis set of 
B3LYP/6-311G was used to find the theoretical vibrational frequencies for these two 
molecules, as described in Section 3.2.2. The comparisons between the experimental and 
theoretical can be seen in Figures 4.5 and 4.6.  
 Between the experimental spectra to the regular Raman spectra there is excellent 
agreement.  The peaks seen experimentally are almost all seen in the simulated spectrum, 
where some peaks are actually better resolved with the theoretical spectrum, especially in 
the 3000 – 4000 cm-1 range. A few other peaks were shifted and a few experienced slight 
enhancements. However, the enhancement was not a huge factor and did not cause the 
enhancement of peaks that are not seen with regular Raman spectroscopy. Thus, by this we 
can conclude that the main role of the metal surface in SERS for these type of molecules 
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is to quench the fluorescence that occurs experimentally. Therefore, the B3LYP/6-311G 
method and basis set can be considered good models for these color coupler molecules. 
 
 
Figure 4.5: Comparison of Experimental SERS and Theoretical Raman Spectra for 3-
aminophenol 
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Figure 4.6: Comparison of Experimental SERS and Theoretical Raman Spectra for 5-
amino-o-cresol 
  
4.4 Further Computation Results 
 Given the results found in Section 4.3, we decided to use the same computational 
methods to study the rest of the molecules of interest. Each of these were then grouped 
together based on the color dye they are associated with and these color couplers were 
compared with the other members of the same group. Before moving into these analyses, 
it is important to note that for the of the molecules studied the 0 – 1500 cm-1 range is 
composed of peaks due to various bending and stretching of the bonds within the phenyl 
group. This leads to much similarity between the spectra of the molecules in this region, 
making these peaks less useful in differentiating between molecules. The peaks here are all 
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also much less intense than those in the other regions. When all of the components of hair 
dye are studied with in-situ analysis, it is the more intense peaks that will carry over and 
be more prominent. Consequently, aside from a couple of specific cases, these peaks would 
not be very useful to forensic analysts and will not be discussed in length in the following 
analyses. 
 
4.4.1 Brown Molecules  
 There were two color couplers of interest that are common precursors for brown 
hair dyes: m-diethylaminophenol and p-phenylenediamine. Based on Figure 3.2, it is clear 
that the structures of these molecules are quite different with the only similarity being that 
they are phenyl groups with at least one nitrogen bonded to the ring. Thus, we expected 
that the spectra of these two molecules would have some similar peaks but also several 
distinct peaks based on the functional groups they contained. This was confirmed with the 
computationally produce spectra and can be seen in Figure 4.7.  
 In addition to providing the data for these spectra, the Gaussview program helped 
characterize the vibrations behind each peak. As stated before, the 0 – 1500 cm-1 is rather 
similar due to some of the same vibrations of the bonds in the ring. However, a little bit to 
the right of this, at around 1550 – 1700 cm-1 there are a couple distinct peaks between these 
molecules. First, there are the 2 peaks seen in m-diethylaminophenol due to stretching of 
the bonds in the ethyl groups. Then, right at 1690 cm-1 there is a two-humped peak caused 
by a scissoring motion of the N-H bond in p-phenylenediamine. The most noticeable 
difference in these two spectra, though, occurs in the 3000 – 4000 cm-1 range. Both of these 
molecules experience asymmetric and symmetric stretching of the C-H bonds in the ring, 
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leading to a peak centered at 3200 cm-1. This is where the similarities stop. For m-
diethylaminophenol, there is a cluster of peaks centered at 3000 cm-1 due to various C-H 
stretching in the ethyl groups. There is also a distinct peak at 3698 cm-1 caused by the 
stretching of the O-H bond. With p-phenylenediamine, there are two unique peaks at 3631 
cm-1 and 3762 cm-1. The first is caused by the symmetric stretching of the N-H bonds and 
the latter by the asymmetric stretching of the N-H bonds. Thus, by looking for the set of 
peaks unique to each of these two color couplers, analysts should easily be able to 
determine if the brown hair dye on the sample came from dye using m-diethylaminophenol 
or dye using p-phenylenediamine.  
 
 
Figure 4.7: Theoretical Raman Spectra for m-diethylaminophenol and p-
phenylenediamine 
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4.4.2 Green Molecules  
 Two of the color coupler precursors that are commonly found in green hair dyes 
and were of interest are resorcinol and 4-methoxy-3-aminophenol. These two structures, 
as seen in Figure 3.2, are quite similar. Both have a phenol group and one other oxygen 
bonded to the ring. In the case of 4-methoxy-3-aminophenol it is a methoxy group and in 
the case of resorcinol, it is a hydroxy group. Also, these two are in a meta position in 
resorcinol but a para position in 4-methoxy-3-aminophenol, with there being an amino 
group ortho to the methoxy group. Thus, we expected that the spectra of these two 
molecules would have several similar peaks with a few variations here and there due to the 
different placements and the addition of the amino group. This was confirmed with the 
computations and can be seen in Figure 4.8. 
 The majority of the similarities in these two spectra are seen in the range of 0 cm-1 
to 2000 cm-1. These peaks arise from a variety of bending and stretching within the ring. 
The most distinct difference is right at 1500 cm-1 where there are 2 peaks in the 4-methoxy-
3-aminophenol spectrum but not in the resorcinol spectrum. This arises from multiple 
different bending and stretching motions of the C-H bonds of the ethyl group in 4-methoxy-
3-aminophenol. Then, further to the right on the spectra there are two more groupings of 
peaks similar to both molecules. The first being around 3160 – 3200 cm-1 and the second 
being right at 3700 cm-1. This first one is caused by stretching motions of the C-H bonds 
in the ring and the second by stretching of the O-H bond in the hydroxy group. Aside from 
these, there are no further distinct peaks seen in the resorcinol spectrum but there are 4 
more sharp peaks for 4-methoxy-3-aminophenol. Two of these are due to motions in the 
methyl group and occur at 3000 cm-1 due to symmetric stretching of C-H bonds and at 3063 
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cm-1 due to a rocking motion of the C-H bonds. The other two peaks arise due to vibrations 
within the amino group. Symmetric stretching of the N-H bonds corresponds to the peak 
at 3629 cm-1 and asymmetric stretching of these bonds corresponds to the 3767 cm-1 peak.  
This differentiation is excellent for forensic investigations of hair that has been dyed green. 
By looking for the presence or absence of the 6 peaks unique to 4-methoxy-3-aminophenol 
an analyst can determine if the dye used contained resorcinol or if it contained 4-methoxy-
3-aminophenol.  
 
 
Figure 4.8: Theoretical Raman Spectra for Resorcinol and 4-methoxy-3-aminophenol 
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4.4.3 Pink-Red Molecules 
 There were three color couplers of interest that are commonly found in pink and/or 
red hair dyes: p-amino-o-cresol, 5-amino-o-cresol, and 3-aminophenol. As seen by Figure 
3.2, all three of these structures are quite similar with each involving a phenyl, amino, and 
hydroxyl group. The biggest difference is in the location of these groups around the ring 
and that 5-amino-o-cresol and p-amino-o-cresol also have an ethyl group on the ring. Thus, 
with the vibrations of these common functional groups, it was expected that there would 
be several similar peaks in these spectra.  
 As can be seen in Figure 4.9, these three spectra are extremely similar. In fact, the 
p-amino-o-cresol and 5-amino-o-cresol spectra are both almost exactly the same, with the 
main difference being a slight shifting of the peaks. That being said, there are a couple of 
ways to discriminate between these two spectra and that of 3-aminophenol. The most 
interesting difference is the distinct peak seen experimentally and theoretically at 1000 cm-
1. Between these molecules, this peak is only seen for 3-aminophenol. It arises due to a 
vibration of the 2, 4, and 6 carbons where they simultaneously stretch inward toward the 
center of the ring and then move back to their normal positions. Due to the para positions 
of the amino group in p-amino-o-cresol and the ortho positions of the ethyl group on both 
p-amino-o-cresol and 5-amino-o-cresol, this vibration is too sterically hindered to occur. 
Another distinguishing factor between the amino-o-cresols and the 3-aminophenol occurs 
around 3000 cm-1. In both amino-o-cresols there is a cluster of three peaks that are absent 
in the 3-aminophenol spectrum. These peaks are caused by (in increasing wavenumber) by 
the symmetric stretching of the C-H bonds in the ethyl group, a rocking motion of the C-
H bonds in the ethyl group, and asymmetric stretching of these C-H bonds. Therefore, 
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analysts can distinguish between the amino-o-cresol color couplers and 3-aminophenol by 
looking for the presences of the 1000 cm-1 peak and the absence of the cluster of peaks at 
3000 cm-1. Unfortunately, it would be very difficult to distinguish between 5-amino-o-
cresol and p-amino-o-cresol, especially when the other components of the hair dye are 
considered. Thus, with these 2 color couplers other analytical techniques would need to be 
employed. 
 
 
Figure 4.9: Theoretical Raman Spectra of p-amino-o-cresol, 5-amino-o-cresol, and 3-
aminophenol 
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4.4.4 Purple-Blue Molecules 
 There were three color couplers of interest that are common precursors found in 
purple and/or blue hair dyes: 2,4-diaminophenoxyethanol, 1,5-dihydroxynaphthalene, and 
2,4-diaminosnisole. The structures of 2,4-diaminophenoxyethanol and 2,4-diaminoanisole 
are quite similar in location of functional groups and the types of functional groups. 
However, they differ by the replacement of one hydrogen on the ethyl group with CH2OH 
in 2,4-diaminophenoxyethanol. The structure of 1,5-dihydroxynapthalene, though, is quite 
different than these other two molecules and will experience different vibrational motions. 
Due to these differences, the Raman spectrum of one of these color couplers can easily be 
distinguished from the other two.  
 As with most of the other color couplers studied, the most noticeable differences 
between the spectra occur in the 3000 – 4000 cm-1 range. The biggest similarity between 
these three is a cluster of peaks around 3200 cm-1 caused by various stretching of the C-H 
bonds within the ring. From here, there are a couple other similarities between 2,4-
diaminoanisole and 2,4-diaminophenoxyethanol. The first being two peaks right around 
3000 cm-1. In 2,4-diaminophenoxyethanol they arise from various C-H stretching and 
bending in the ethylene group and in 2,4-diaminoanisole they arise due to C-H stretching 
and bending in the methyl group. These molecules both also have a peak at around 3760 
and 3630 cm-1. The first is caused by a symmetric stretch of the N-H bonds of the amino 
group and the latter by the asymmetric stretching of these bonds. In 2,4-diaminoanisol, the 
frequencies of these vibrations of both amino groups overall and lead to just these two 
peaks. For 2,4-diaminophenoxyethanol, though, these peaks are solely from the 4-amino. 
The symmetric and asymmetric stretching of the N-H bonds of the 2-amino group leads to 
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peaks at 3512 cm-1 and 3711 cm-1, respectively. In the spectrum of 1,5-
dihydroxynaphthalene, on the other hand, there is only one other peak in this range. It 
occurs close to 3700 cm-1 and is caused by the stretching of the O-H bond. Therefore, by 
examining the number of peaks in this 3000 – 4000 cm-1 region and where they occur, 
analysts should be able to determine which of the three color couplers was a component of 
the tested sample.  
 
 
Figure 4.10: Theoretical Raman Spectra of 2,4-diaminophenoxyethanol, 1,5-
dihydroxynaphthalene, and 2,4-diaminoanisole 
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Chapter 5: Conclusions 
 From the results presented in this chapter, there are several clear conclusions that 
can be drawn. First and foremost, with these type of molecules, it is more beneficial to use 
silver than gold as the metal substrate in SERS. Secondly, through comparison of the 
experimental SERS and regular Raman spectra, it appears that the major role of the metal 
substrate with these molecules is to act as a fluorescence quencher. Through quenching of 
the fluorescence, a multitude of peaks can be resolved. When compared with the 
computational spectra, it appears that there is great agreement between the experimental 
SERS spectra and the computational regular Raman spectra. Thus, the computational 
method/basis set and the results it produces are a good model for the experimental results 
and can be used for the analysis of other similar molecules.  
 From the computational models, majority of the different groups of color couplers 
produce easily distinguishable spectra. In particular, both the brown and the green dye 
molecules were quite different in structure, producing rather distinguishable spectra. With 
the blue-purple dye molecules, there were several similar Raman active vibrations leading 
to some of the same peaks on all three spectra. However, between 3000 and 4000 cm-1 
there were a couple distinct peaks for each molecule, allowing for differentiation between 
the three color couplers. The pink-red precursors were all very similar in structure, though, 
and this led to some difficulties with distinguishing between them. The 5-amino-o-cresol 
spectrum was essentially the same as the p-amino-o-cresol spectrum, 
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whereas the 3-aminophenol different by the presence of a peak at 1000 cm-1 and the 
absence of a cluster of peaks centered at 3000 cm-1. Thus, with these pink-red colored dyes, 
it would be beneficial for further testing to be done. As a whole, though, Raman 
spectroscopy shows great potential for this particular forensic application. By looking for 
the presence or absence of signature peaks, analysts can determine which precursor was in 
the dye. 
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